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HIGHLIGHTS 


•  Synthesis  of  NiO  nanoparticles  by  CGDE  for  electrochemical  energy  storage. 

•  Capacitance  of  NiO  nanoparticles  is  size-dependent. 

•  218  F  g  1  for  70  nm  NiO  nanoparticles,  @2.7  A  g  1  in  1  M  KOH. 
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NiO  nanoparticles  of  70,  91  and  107  nm  average  diameter  are  synthesized  by  cathodic  contact  glow 
discharge  electrolysis  at  30,  36  and  42  VDC  respectively,  in  2  M  H2SO4  +  0.5  M  ethanol  +  2.5  mg  ml-1  of 
PVP,  and  are  investigated  for  electrochemical  energy  storage.  From  the  cyclic  voltammetry  and  galva- 
nostatic  charge— discharge  measurements  in  1  M  KOH,  it  was  found  that  a  maximum  specific  capacitance 
of  218  F  g-1  is  achieved  with  the  70  nm  NiO  nanoparticles  at  2.7  A  g_1.  Larger  nanoparticles  of  91  and 
107  nm  diameter  exhibit  specific  capacitances  of  106  and  63  F  g_1,  respectively,  suggesting  a  size- 
dependent  capacitive  performance  enhanced  with  decreasing  particles  size. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  continuous  increase  of  consumption  and  demand  for  the 
ecologically  non-friendly  fossil  fuel  has  pushed  more  and  more 
towards  the  development  of  other  sustainable  sources  of  energy. 
Electric  energy  generated  from  solar  radiation  and  wind  turbines  is 
not  continuous  in  time  and  thus  there  is  a  need  to  implement 
reliable  energy  storage  systems  along  with  these  power  production 
processes  [1].  Additionally,  the  ongoing  miniaturization  of  power 
sources  for  the  fast  expanding  market  of  portable  devices  is  in  need 
for  advanced  energy  storage  solutions.  Electrochemical  energy 
storage  technologies  of  electric  double-layer  capacitors  are  already 
on  the  market  but  they  are  restricted  to  the  non-faradic  processes 
of  high  surface  area  carbon-based  materials,  while  conductive 
polymers,  although  having  promising  capacitive  performance,  can 
be  expensive  and  involve  complex  multi-step  synthesis  processes 
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[2-5].  Supercapacitors,  on  the  other  hand,  exhibit  higher  degree  of 
reversibility  (longer  cycle  life)  and  higher  power  density  when 
compared  to  batteries,  and  higher  energy  density  when  compared 
to  electric  double-layer  capacitors  [6,7].  Supercapacitors  are  the 
subject  of  intense  research  activity  for  energy  storage  applications, 
and  can  be  classified  into  two  types  depending  on  their  charge- 
storage  mechanism  [8-11]: 

•  the  electric  double-layer  capacitor,  which  is  based  on  the 
capacitance  due  to  the  very  small  distance  between  the  charges 
on  the  electrode  surface  and  their  opposite  charges  provided  by 
the  electrolyte,  and 

•  the  pseudocapacitor,  which  is  based  on  the  charge  transfer 
generated  by  the  quasi-reversible  faradic  reactions  at  the  elec¬ 
trode  surface,  and  formed  during  the  anodic  polarization.  The 
origin  of  the  capacitance  in  this  case  is  faradic,  not  electrostatic. 

The  capacitance  of  a  supercapacitor  is  therefore  the  sum  of  the 
double-layer  capacitance  with  the  pseudocapacitance  due  to  the 
redox  reaction:  Oxad  +  ze~  ->  Redad  [8,11]. 
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Ideal  electrode  materials  for  supercapacitors  based  on  ruthe¬ 
nium  oxides  are  known  for  their  high  mass-specific  capacitances 
that  can  reach  several  hundreds  of  farads  per  gram.  For  example, 
Kim  et  al.  reported  620  F  g-1  for  composites  of  carbon  nanotube 
with  Ru02  nanoparticles  synthesized  by  microwave-polyol  [12], 
while  Zheng  et  al.  reported  values  as  high  as  720  F  g-1  for  the 
amorphous  hydrous  ruthenium  oxide  (Ru02xH20)  material  pre¬ 
pared  by  the  sol-gel  technique  [13].  Due  to  the  rarity,  toxicity  and 
high  cost  of  this  noble  metal,  alternative  solutions  using  oxides  of 
more  abundant  and  inexpensive  transition  metals  such  as  nickel, 
cobalt  and  manganese  are  under  extensive  investigation  [1,11,8— 
10,14-20].  Table  1  gives  some  recently  reported  examples  of  elec¬ 
trode  materials,  as  well  as  their  working  conditions  and  specific 
capacitances  values.  NiO  and  Ni(OH)2  are  indeed  viewed  as  prom¬ 
ising  electrode  materials  for  energy  storage  applications  due  to 
their  i)  excellent  electrochemical  performance  with  high  theoret¬ 
ical  specific  capacitance,  ii)  abundance  and  low  cost,  as  well  as  their 
iii)  good  capacitive  retention  and  stability  in  corrosive  alkaline 
conditions  [18,10].  In  addition,  at  the  nano-scale,  nickel  oxides/ 
hydroxides  are  expected  to  exhibit  superior  properties  when 
compared  to  their  bulk  counterpart,  as  less  material  is  necessary 
and  much  higher  surface  area  can  be  achieved. 

The  physicochemical  properties  of  nanoparticles  depend, 
amongst  others,  on  the  synthesis  method  and  on  the  size  and  shape 
of  the  particles.  Nickel  oxides  have  been  prepared  with  various 
techniques,  such  as  the  hydrothermal  method  [21],  chemical  pre¬ 
cipitation  [22]  and  chemical  spray  pyrolysis  [23],  to  cite  a  few.  It  is 
worth  mentioning  that  the  literature  on  the  size-dependency  of 
capacitive  capabilities  of  nickel-based  nanomaterials  is  very  scarce 
to  date.  In  this  paper  we  report  the  electrochemical  energy  storage 
performance  of  three  sizes  of  NiO  nanomaterials,  namely  70, 91  and 
107  nm,  synthesized  by  cathodic  contact  glow  discharge  electrol¬ 
ysis  (CGDE)  [24].  Mass-specific  capacitances  and  energy  and  power 
densities  of  the  investigated  particles  are  evaluated  by  cyclic  vol¬ 
tammetry  and  constant  current  charge-discharge  measurements. 

2.  Experimental 

The  synthesis  of  nickel  oxide  nanoparticles  by  cathodic  CGDE 
along  with  the  characterization  of  their  morphology  and  crystal 
structure  are  detailed  in  a  previous  publication  [24].  It  consists  of  two 
electrodes  of  nickel,  immersed  in  a  solution  of  2  M  H2S04  +  0.5  M 
ethanol  +  2.5  mg  ml-1  of  PVP40,  and  subject  to  three  different  con¬ 
stant  terminal  voltages  using  a  TDK  Lambda  60  V— 3.5  A  DC  power 
supply.  Different  from  low-current  electrochemistry,  when  the  ter¬ 
minal  voltage  in  a  two-electrode  cell  is  set  higher  than  a  critical  value 
(  —  18  VDC  for  the  present  solution  of  2  M  FI2S04  +  0.5  M 
ethanol  +  2.5  mg  ml-1  of  PVP40,  using  a  Ni  wire  cathode  vs.  a  much 
larger  Ni  anode  [24]),  one  can  observe  the  transition  from  the  con¬ 
ventional  electrolysis  to  the  emission  of  visible  light  from  the  active 
electrode.  At  the  three  terminal  voltages  30, 36  and  42  VDC,  current 
flows  through  a  dielectric  gaseous  envelope  formed  around  the 
active  electrode  as  glow  micro-discharges.  The  intermittent  electrical 
discharges  are  the  source  of  remarkable  non-Faradaic  chemical  yields 


Table  1 

Specific  capacitance  of  selected  electrode  materials. 


Materials 

Working  conditions 

Csc/Fg  1 

NiO  nanoparticles  [18] 

-0.2  to  0.6  V  in  1  M  KOH 

370  at  2  A  g1 

NiO*  xerogels  [19] 

0.2— 0.6  V  in  7  M  KOH 

696  at  2  mA  cm-2 

(5-Ni(OH)2  nanoparticles  [10] 

0-0.55  V  in  1  M  KOH 

715  at  0.5  A  g"1 

Ni(OH)2  film  [9] 

0-0.55  V  in  0.5  M  KOH 

578  at  0.5  A  g"1 

Mn02  [36] 

0-0.8  V  in  0.1  M  Na2S04 

318  at  2.3  A  g"1 

C03O4  aerogels  [20] 

-0.1  to  0.55  V  1  M  NaOH 

623  at  25  mV  s”1 

and  free  radical  species  able  to  reduce  the  Ni  ions  provided  by  the  Ni 
anode  dissolution  to  form  nanoparticles  of  Ni-based  materials.  In 
acidic  media,  pure  NiO  phase  was  obtained,  while  in  alkaline  pH,  (3- 
Ni(OH)2  was  the  main  product  due  to  the  electro-erosion  of  the 
micro-plasma-covered  electrode  [24-26]. 

Mean  values  and  variances  of  the  samples  size  distribution  of 
NiO  nanoparticles  were  estimated  from  electron  micrographs 
image  processing  obtained  by  a  JEOL  JSM-7500F  FESEM.  We 
found  the  sample  variables  (x  =  91  nm;s2  =  97  nm2), 
(x  =  70  nm;s2  =  49  nm2)  and  (x  =  107  nm;s2  =  53  nm2)  for 
the  particles  synthesized  at  30,  36  and  42  VDC  respectively  [24]. 
Powder  X-ray  diffraction  (XRD)  patterns  of  the  as-synthesized 
particles  were  acquired  with  a  Philips  X’Pert  Pro  Multipurpose  X- 
ray  diffractometer  (Cu  Ka  source,  X  =  1.5404  A)  at  40  kV-45  mA,  in 
the  26  range  30-85°  with  0.02°  26  s-1  scanning  rate.  Fig.  1  shows 
both  a  typical  electron  micrograph  and  XRD  patterns  of  NiO 
nanoparticles  synthesized  at  36  VDC  with  cathodic  CGDE  in  acidic 
medium.  The  typical  crystal  planes  (111),  (200),  (220),  (311)  and 
(222)  of  fee  NiO  (bunsenite,  NaCl  type  structure),  perfectly  indexed 
with  PDF-4+  (ICDD)  04-011-8441  data  file  [24]  are  shown  in 
Fig.  1(b).  Absence  of  any  secondary  peaks  shows  the  stoichiometric 
purity  of  the  NiO  products. 

The  preparation  of  electrodes  for  the  electrochemical  mea¬ 
surements  is  done  by  depositing  20  pi  from  a  sonicated 
nanoparticles-in-ethanol  solution  onto  the  cross-section  of  a  5  mm 


(a) 


(b) 


Fig.  1.  SEM  micrograph  (a)  and  powder  XRD  patterns  (b)  of  NiO  nanoparticles 
(0  =  70  nm)  synthesized  by  cathodic  CGDE  with  Ni  cathode  vs.  Ni  anode  in  2  M 
H2S04  +  0.5  M  EtOH  +  2.5  mg  ml"1  of  PVP  at  36  VDC. 
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diameter  graphite  rod  freshly  polished  and  washed  with  deionized 
water.  The  material  loading  is  estimated  to  ca.  0.5  mg  cm-2.  The 
working  electrode  is  then  left  to  dry  for  5  min  in  oven  preset  at  70  C. 
All  of  the  potentiodynamic  and  galvanostatic  charge-discharge 
experiments  are  conducted  at  room  temperature  with  an  Amel 
Electrochemistry  potentiostat  model  7050  in  a  multi-neck  round- 
bottom  flask,  with  a  Pt  wire  serving  as  a  counter  electrode  and  Ag/ 
AgCl/KCl  (saturated)  as  reference  electrode.  The  supporting  elec¬ 
trolyte  for  all  measurements  is  KOH  at  unit  molarity. 

3.  Results  and  discussion 

3.1.  Cyclic  voltammetry 

The  cyclic  voltammograms  of  the  prepared  electrodes  are  per¬ 
formed  in  the  potential  range  0-0.6  V  vs.  Ag/AgCl  in  1  M  KOH  at  the 
scan  rates  5, 10,  20,  30  and  50  mV  s-1.  Fig.  2  illustrates  the  set  of 
voltammograms  of  NiO  nanoparticles  prepared  by  cathodic  CGDE 
at  36  V  (0  =  70  nm).  The  potentiodynamic  features  of  the  two  other 
electrode  materials  (0  =  91  and  107  nm,  not  shown  here)  exhibit 
similar  trends.  Their  capacitive  performance  will  be  detailed  and 
compared  in  Section  3.3.  The  voltammograms  in  Fig.  2  represent 
the  last  cycle  in  a  series  of  potential  sweeps  where  the  electro¬ 
chemical  responses  of  the  electrode  were  stable  and  did  not 
significantly  change  from  one  cycle  to  another.  The  stabilization  of 
the  electrode  behavior  is  usually  achieved  after  8-10  cycles.  The  y- 
axis  shows  the  current  density  per  unit  mass  of  the  synthesized 
products  weighed  with  a  microgram-precision  balance.  The  vol¬ 
tammograms  are  different  from  the  rectangular  ones,  and  maintain 
their  shapes  with  the  variation  of  scan  rates,  which  is  typical  for 
pseudocapacitive  behavior  [18,27,21].  However,  there  is  a  slight 
positive  shift  of  the  anodic  peak  with  the  increase  of  the  scan  rate 
which  indicates  some  kinetic  irreversibility  in  the  electrochemical 
system  [7,28].  This  can  also  be  deducted  from  the  asymmetry  of  the 
positive  vs.  negative  sweeps  in  the  voltammograms.  In  the  alkaline 
solution  used,  the  following  surface  faradic  charge-discharge  re¬ 
actions  occur  [18,21,29-31]: 

charge 

NiO  +  zOH"  zNiOOH  +  (1  —  z)NiO  +  ze~  (1) 

discharge 

where  0  <  z  <  1  is  the  fraction  of  available  sites  at  NiO  materials  for 
the  reaction  with  OH^  ions.  The  peaks  corresponding  to  the  redox 


Fig.  2.  Cyclic  voltammograms  and  evolution  of  anodic  peak  current  density  with  the 
square  root  of  the  scan  rate  (insert)  of  NiO  nanoparticles  (0  =  70  nm). 


reactions  Ni(II)/Ni(III)  are  centered  at  ca.  0.50  V  and  0.39  V  vs  Ag/ 
AgCl,  respectively.  The  onset  of  the  oxygen  evolution  reaction  takes 
place  at  ca.  0.55  V.  The  quasi-perfect  linearity  of  the  anodic  peak 
current  density  versus  the  square  root  of  the  scan  rate,  illustrated  in 
the  insert  of  Fig.  2,  confirms  that  the  redox  reactions  are  diffusion- 
limited  (from  Randle-Sevcik  equation),  as  well  as  their  contribu¬ 
tion  in  the  pseudocapacitive  behavior  of  the  electrode  materials 
[32,18,33,9]. 

The  average  capacitance  per  unit  mass,  cSD  is  estimated  from  the 
cyclic  voltammograms  by  graphically  integrating  the  total  charge 
over  the  voltage  range  according  to  [10,31,18,5]: 

vc 

Csc  =  - yj - fy-  [  MV  (2) 

msr(Va  -  Vc)  J  K  1 

Va 

where  m  is  the  mass  of  deposited  NiO  nanoparticles,  sr  the  voltage 
scan  rate,  Va  -  Vc  =  AV the  potential  window  0-0.55  V,  and  J(  V)  the 
total  current.  The  specific  current  densities  of  the  anodic  peaks  in 
Fig.  2  are  12.7,  9.1,  7.0, 4.4  and  2.7  A  g-1  for  the  scan  rates  of  50,  30, 
20, 10,  and  5  mV  s-1,  respectively,  to  which  correspond  the  calcu¬ 
lated  specific  capacitance  values  of  122, 135, 156, 170  and  200  F  g-1. 
The  inverse  variation  of  csc  with  the  scan  rate  is  due  to  the  smaller 
fractions  of  OH-  ions  reaching  the  electro-active  NiO  sites,  as  the 
system  is  diffusion-limited.  On  the  contrary,  with  low  voltammetric 
scan  rates,  higher  fractions  of  OH-  involved  in  Reaction  (1)  will 
have  more  favorable  conditions  to  access  the  NiO  nanoparticles, 
and  thus  leading  to  higher  available  capacitance  [34  .  These  ob¬ 
servations  are  also  found  for  the  91  and  107  nm  NiO  nanomaterials. 

3.2.  Chronopotentiometry 

Galvanostatic  charge-discharge  curves  at  the  different  constant 
current  densities  12.7,  7.0,  4.4  and  2.7  A  g-1  (see  Fig.  2),  within  the 
potential  range  0-0.50  V  vs.  Ag/AgCl  of  the  NiO  nanoparticles 
synthesized  at  36  VDC  are  illustrated  in  Fig.  3.  Independently  of  the 
applied  current  density,  the  charging  step  in  Fig.  3  shows  two 
stages:  the  first  linear  one  corresponds  to  the  oxidation  of  NiO, 
whereas  the  second  one  corresponds  to  the  charging  process  itself. 
On  the  other  hand,  the  discharging  curve  shows  first  a  sharp 
negatively-sloped  segment  of  potential  drop  due  to  the  internal 
resistance  followed  by  a  slowly  decaying  second  part,  related  to  the 
pseudocapacitive  behavior  of  the  electrode  material. 
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Fig.  3.  Constant  current  charge-discharge  response  of  NiO  nanoparticles  (0  =  70  nm) 
at  12.7,  7.0,  4.4  and  2.7  A  g~\ 
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The  average  specific  capacitance,  assumed  to  be  invariant  with 
the  potential,  is  calculated  from  the  discharge  curves  as  follows. 


Csc  — 


/At 

mKv 


(3) 


where  /  is  the  applied  current,  At  the  discharge  time,  m  the  mass  of 
deposited  NiO  nanoparticles  and  AV  the  potential  window.  For 
example,  at  the  current  density  2.7  A  g  \  the  mass-specific 
capacitance  is  2.7  x  (67.9  -  27.5)/0.5  =  218  F  g-1.  At  the  current 
densities  12.7,  9.1,  7.0  and  4.4  A  g~\  the  specific  capacitances  from 
the  charge-discharges  curves  are  found  to  be  131,  143,  169  and 
182  F  g-1  respectively.  Again,  because  of  the  diffusion-controlled 
redox  reaction  between  the  OFT  ions  and  the  NiO  nanoparticles, 
the  specific  capacitance  increases  for  lower  charge-discharge  rates. 
The  values  of  csc  are  in  line  with  the  ones  estimated  from  the  cyclic 
voltammetry  measurements. 


3.3.  Ragone  plots 
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Two  important  parameters  measuring  the  performance  of  a 
capacitive  device,  that  is,  the  specific  energy  density,  de,  and  spe¬ 
cific  power,  dp,  are  well  represented  with  Ragone  plots.  The  energy 
density  of  the  NiO  materials  synthesized  at  36  VDC  (0  =  70  nm), 
calculated  as  de  =  csc(AV)2/2,  and  the  power  density  calculated  as 
dp  =  de/At  from  the  chronopotentiometric  results,  are  plotted  in 
Fig.  4  with  respect  to  the  applied  current  density. 

The  performance  characteristics  of  the  NiO  nanomaterials  syn¬ 
thesized  by  cathodic  CGDE  are  clearly  that  of  a  supercapacitor,  with 
energy  densities  varying  from  almost  100  to  54  Wh  kg-1  at  current 
densities  varying  from  2.7  to  12.7  A  g_1  in  the  narrow  potential 
window  of  0-0.50  V  vs.  Ag/AgCl.  Coupling  the  NiO  nanomaterials 
with  a  suitable  counter  electrode  in  order  to  achieve  higher  energy 
and  power  density  values  over  a  wider  operating  voltage  is  the  next 
step  for  this  study. 

Following  the  same  procedure  for  the  calculation  of  the  specific 
capacitances  from  the  charge-discharge  plots,  the  power  and  en¬ 
ergy  performance  of  NiO  nanoparticles,  prepared  by  cathodic  CGDE 
at  30  (0  =  91  nm),  36  (0  =  70  nm)  and  42  VDC  (0  =  107  nm)  are 
compared.  Ragone  plots  of  the  analyzed  NiO  nanomaterials  are 
shown  in  Fig.  5.  It  is  clear  that  the  particles  of  70  nm  average 
diameter  exhibit  the  highest  energy  and  power  densities  when 
compared  to  the  larger  ones  (91  nm  and  107  nm),  and  thus  are 
more  suitable  for  energy  storage  applications.  Additionally,  the 
samples  synthesized  at  42  VDC  were  found  to  be  severely  sintered 


Fig.  4.  Energy  and  power  densities  vs.  current  density  of  NiO  nanoparticles 
(0  =  70  nm). 


Fig.  5.  Ragone  plots  of  70,  91  and  107  nm  average  diameter  NiO  nanoparticles.  The 
electric  values  are  derived  from  the  respective  constant  current  charge-discharge 
measurements. 


and  agglomerated  when  compared  to  the  two  other  samples,  due  to 
the  high  local  discharge  activity  and  temperature  at  these  electric 
conditions  24].  The  OFT  ions  involved  in  the  redox  reaction  (1) 
have  better  accessibility  to  the  NiO  nanoparticles  of  smaller  size 
and  less  agglomeration,  due  to  their  larger  active  surface  area, 
compared  to  larger  particles.  Pico  et  al.  reported  the  same  trend  of 
the  size  effect  on  the  specific  capacitance  of  RUO2  in  the  sub-5  nm 
range  [35]. 

4.  Conclusion 

Three  sizes  of  NiO  nanoparticles,  namely,  70,  91  and  107  nm, 
prepared  by  cathodic  CGDE  in  acidic  medium,  were  tested  for 
electrochemical  energy  storage  applications.  It  is  found  that  the 
smaller  and  the  more  dispersed  the  particles  are,  the  higher  the 
specific  capacitance  will  be,  since  the  pseudocapacitance  is  based 
on  faradic  charge-transfer  reactions  with  the  OH-  ions  and  is 
dependent  on  its  accessibility  to  the  NiO  materials.  For  example, 
NiO  nanoparticles  manufactured  at  36  VDC  by  cathodic  CGDE  and 
with  an  average  size  of  70  nm  are  able  to  store  charges  with  a 
specific  capacitance  as  high  as  218  F  g-1  at  2.7  A  g_1.  Their  corre¬ 
sponding  energy  and  power  densities  are  98.1  Wh  kg-1  and 
0.7  kW  kg-1,  respectively.  On  the  other  hand,  NiO  manufactured  at 
30  VDC  with  average  size  of  91  nm  have  a  specific  capacitance  of 
106  F  g_1  at  1.76  A  g"1,  with  de  =  47.7  Wh  kg-1  and 
dp  =  0.44  kW  kg-1.  Larger  and  agglomerated  particles  manufac¬ 
tured  at  42  VDC  (0  =  107  nm)  still  exhibit  pseudocapacitance 
behavior  with  csc  =  63  F  g^1  at  1  A  g-1,  de  =  28.4  Wh  kg-1  and 
dp  =  0.25  kW  kg"1. 
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